A panel of nine monoclonal antibodies to Mycobaterium leprae were used to characterize a protein antigen of the bacillus. Two monoclonal antibodies (IVD8 and 111E9) were specific for M. leprae and reacted with an epitope (CWP) present on a protein molecule associated with the cell wall fraction of M. leprae. This protein, designated cell wall-associated protein (CWP), lost its immunoreactivity upon treatment with trypsin and had an apparent molecular weight of 65,000, though additional lower-molecular-weight forms of the protein were observed by immunoblotting. Four other cross-reactive epitopes (CWPb, CWP, CWPd, and CWP,) were defined on the same molecule using seven independent monoclonal antibodies. Therefore, M. leprae possesses a trypsin-sensitive, heat-stable protein associated with the cell wall which contains at least one species-specific and four cross-reactive antigenic determinants.
Recent immunological studies of Mycobacterium leprae using monoclonal antibodies (MCAb) have demonstrated the existence of species-specific antigenic determinants associated with various fractions of the microorganism. Young et al. (17) have produced MCAb to the unique phenolic glycolipid I of M. leprae. Localization of phenolic glycolipid I by immunofluorescence with these MCAb substantiated its extracellular and peribacillary distribution. Ivanyi et al. (12) described 12 MCAb which defined five distinct antigenic determinants of M. leprae. One of the MCAb, ML06, showed unique specificity for M. leprae and reacted with a 12,000-dalton molecule present in sonic extracts of M. leprae. We have previously reported the production and characterization of 11 MCAb to M. leprae (6) . Preliminary characterization of some of these MCAb indicated that at least two (IVD8 and IIIE9) were specific for M. leprae. At that time we were unable to determine the molecular nature of the molecule associated with the species-specific determinant. This study identifies a protein molecule of approximately 65,000 daltons which carries the species-specific antigenic determinant recognized by the IVD8 and IIIE9 MCAb. This protein is associated with the cell wall fraction of M. leprae and also carries at least four other cross-reactive antigenic determinants, some of which are associated with both pathogenic and nonpathogenic species of mycobacteria. Immunochemical characterization of this molecule should help elucidate the immunogenic potential of this protein during natural infections with M. leprae.
MATERIALS AND METHODS
MCAb. The procedures for the preparation and preliminary characterization of murine MCAb to M. leprae were described in detail previously (6) . Briefly, MCAb to M. leprae were prepared from BALB/c-NSI/1 fusions in the presence of polyethylene glycol 1450. Hybridomas were tested for antibody production and antibody-binding specificities by enzyme-linked immunosorbent assay (ELISA), * Corresponding author.
immunofluorescence, and immunoblotting. Antibody E423 was the result of a fusion in which mice had been immunized with M. leprae material which migrated with an apparent molecular weight of 65,000 in sodium dodecyl sulfate (SDS)-polyacrylamide gels under reducing conditions, whereas the other MCAb resulted from fusions using supernatant and cell wall fractions from disrupted M. leprae (6) .
Fractionation of M. leprae. Irradiated or nonirradiated armadillo-derived M. leprae was obtained through the United States-Japan C.M.S. Program, National Institutes of Health, Bethesda, Md., or the World Health Organization IMMLEP program. Antigen extracts were prepared from 15 to 20 mg of purified organisms for immunizations by one of the following methods. (i) Organisms were suspended in acetone and held overnight at 4°C with gentle stirring. Treatment with acetone was followed by lithium acetate extraction of antigen as described previously (6) . (ii) Purified organisms were disrupted at full power for 8 min in an ice bath using a model W-225R probe sonicator (Heat SystemsUltrasonics, Inc., Plainview, N.Y.), followed by centrifugation of the sonic extract at 27,000 x g for 30 min and filtration of the supernatant antigen fraction through a 0.22-,um (pore size) membrane.
Organisms ustd for immunoassays and immunochemical experiments were not treated with acetone. Cells (15 mg) were suspended in 10 ml of 10 mM phosphate-buffered normal saline, pH 7.0 (PBS), containing 0.1% Tween 80, 1 mM MgCl2, and 1 mM benzamidine hydrochloride. The cell suspension was then disrupted by four cycles of breakage at 20,000 lb/in2 in a French pressure cell press (American Instrument Co., Silver Spring, Md.). DNase and RNase (10 mg each; Sigma Chemical Co., St. Louis, Mo.) were added to the final suspension and held at 4°C for 4 h. The suspension was centrifuged at 10,000 x g for 10 min at 4°C, and the resultant pellet (ML 10KP) was resuspended in PBS at a protein concentration of 1 mg/ml. The supernatant was centrifuged at 30,000 x g for 20 min at 4°C, and the resultant pellet (ML 3OKP) was resuspended in PBS at a protein concentration of 1 mg/ml. The final supernatant (ML 30KS) was dialyzed for 24 h at 4°C against 200 volumes of PBS. For 372 GILLIS ET AL. the fluid-phase inhibition studies with the three fractions (ML 1OKP, 3OKP, and 3OKS), DNase and RNase were omitted from the fractionation protocol, and the final supernatant (ML 3OKS) was adjusted to a protein concentration of 1 mg/ml. In some experiments the 1OKP and 30KP extracts were combined and referred to as ML 1030KP. Fractions of M. gordonae were prepared similarly and labeled MG 10KP, 3OKP, and 30KS. Sonicated antigen preparations were also prepared as described above ( inhibitory capacity at four 10-fold dilutions starting at 10-1.
Percent inhibition values were recorded at the 10-2 dilution.
Results were expressed as percent inhibition and were calculated as described above. Polyacrylamide gel electrophoresis and immunoblot. Conditions for SDS-polyacrylamide gel electrophoresis (PAGE) and immunoblotting were the same as those described previously (6) , except that the separating gel concentration was 12% and the stacking gel concentration was 4%. Antigens resolved by SDS-PAGE for subsequent immunoblotting were solubilized by heating ML 103OKP for 3 min at 100°C in sample buffer containing 0.1% SDS, 0.143 M 2-mercaptoethanol, and 10% glycerol in 50 mM Tris hydrochloride (pH 6.8). Bacterial proteins in the polyacrylamide gels were then electrophoretically transferred to nitrocellulose for subsequent probing with MCAb. Antigen-bound MCAb were detected by autoradiography either directly when radiolabeled MCAb were used or indirectly when unlabeled MCAb were used with rabbit antisera specific for murine immunoglobulin Gl (IgGl; DAKO Corp., Santa Barbara, Calif.) and 1251I-labeled protein A (Sigma).
Dot blot assay. The species specificity of MCAb was determined by a dot blot assay using antigens from different mycobacteria bound to nitrocellulose strips as described by Young et Samples of ML 3OKP (500 ,ug, protein) were heated at 100°C for 5 min. This material was then tested for inhibitory activity by the antigen RABA. Results of antigen inhibition experiments were scored as insensitive to treatment (>75% inhibition), moderately sensitive to treatment (40 to 74% inhibition), or sensitive to treatment (0 to 39% inhibition).
Protein determinations were performed by the method of Lowry et al. (15) or with the Bio-Rad protein assay kit as described by the manufacturer (Bio-Rad Laboratories, Richmond, Calif.). Proteins were iodinated with carrier-free Na iodine-125 (ICN Pharmaceuticals, Inc., Irvine, Calif.) by the chloramine-T method as described previously (7). PAGE was performed by the method of Laemmli (13) (6) . In contrast to earlier estimates of Mr on 11.5% polyacrylamide gels, the 12% gels shown in Fig. 1 resolved this protein at approximately 65,000 daltons. Since Mr determinations by SDS-PAGE are approximate and since we want to avoid confusion with our earlier study we refer to this band of reactivity here as the cell wall-associated protein (CWP).
Reaction of [1251]IVD8 with ML 103OKP resulted in one minor and three major bands of reactivity (Fig. 1, lane 1) . The largest-molecular-weight species had an identical Mr as that defined by MCAb IIH9. The other three bands, two of which produced strong reactions, were associated with molecular species with molecular weights between 40,000 and 60,000. No reactivity was observed when [1251]IVD8 was reacted with blots containing 100 or 200 ,ug of protein from M. gordonae 103OKP (Fig. 1, lanes 3 and 4, respectively) . Figure 2 shows the results of an immunoblot comparing MCAb E423, IIC8, and IVD8. Greater than 50% inhibition of binding of [1251I]IVD8 was observed with either ML 1OKP or 30KP at a protein concentration of 100 ,ug/ml (Fig. 3, panel D) . This increased to approximately 80% inhibition when these fractions were tested independently at a protein concentration of 1.0 mg/ml. Similar inhibitory dose-response curves were observed when ML 1OKP and 3OKP were tested against IIIE9 and IIH9 (Fig. 3, panels E and F) . At all protein concentrations tested (0.001 to 1.0 mg/ml), ML 3OKS was unable to inhibit binding of the three MCAb (Fig. 3, panels D, E, and F) .
Species reaction patterns of the MCAb. The species specificity of MCAb IIIE9, IVD8, and IIH9 was tested by a dot immunoblotting procedure in which sonicated antigens from various mycobacteria were bound to a strip of nitrocellulose which was then reacted with the MCAb. (Table 1) . In each case, the inhibitory capacity of ML 30KP fell from approximately 80% before to 10% after treatment with trypsin. Oxidation of ML 3OKP with sodium metaperiodate also diminished its ability to inhibit the binding of all three ML 30KP. The inhibitory capacity fell from 80% to approximately 40% and was scored as moderately sensitive to treatment with sodium metaperiodate (Table 1 ). Heating ML 30KP at 100°C for 5 min did not affect its ability to inhibit the binding of MCAb IIIE9. In contrast, heating did result in a moderate reduction in the inhibitory capacity of ML 30KP to block the binding of MCAb IVD8 and IIH9 (Table 1) .
Competition binding studies with MCAb. Competition binding studies were performed with nine different MCAb, each of which recognized the M. leprae CWP as determined by immunoblotting. Figure 5 IVD8a IIH9 IIIC9 IIC8  IF5  IIG1 IVD2 E423   IVD8  80 <10  16  15  14 <10 <10  16   11H9   <10  70  50 <10 <10 <10  14  <10  HIIC9  <10  70  83 <10  12 <10 <10  12  11C8   <10 <10 <10  83  70  15 <10  <10  IF5  <10  <10 <10  42  33 <10 <10  <10   IIG1   <10 <10  20  75  77  62   18  <10  IVD2  <10 <10  12 <10  15 <10  50  <10  E423  <10 <10  11 <10  26 <10  17 Table 2 . Greater than 50% inhibition was obtained for all homologous inhibitions except for IF5, which resulted in 33% inhibition. Five major groups were assigned based on the patterns of inhibition demonstrated in the competition tests. The first group consisted of the two M. leprae-specific MCAb, IVD8 and IIIE9. These antibodies were strongly inhibitory when tested against each other (Fig. 5) 
DISCUSSION
Immunochemical information on antigenic molecules of M. Ieprae has accumulated rapidly in the past 3 years. Common and species-specific antigenic determinants have been defined and have been associated with molecules as biochemically diverse as proteins, carbohydrates, and glycolipids (1, 3, 9, 10, 12) . The preparation and characterization of MCAb to M. leprae has been a major development contributing to these discoveries with protein antigens. Some of these MCAb have been shown to exhibit immunological specificity for M. leprae (6, 12) . We have produced MCAb to M. leprae and have shown that some of these antibodies were cross-reactive with various mycobacteria and that at least two were specific for M. leprae. We describe here the characteristics of a protein associated with the cell wall of M. leprae which expresses both common and species-specific antigenic determinants defined by a set of murine MCAb.
Direct-binding and fluid-phase inhibition experiments with fractions of M. leprae and MCAb IVD8, IIIE9, and IIH9 were performed to localize the epitopes associated with the specific and cross-reactive determinants. These experiments showed that all three epitopes were present in the whole cell and crude cell wall fractions but not in the cytoplasmic fraction. Chemical and enzymatic treatment of the cell wall fraction further showed that all three epitopes were sensitive to trypsin, moderately sensitive or insensitive (IIIE9) to boiling for 5 min, and moderately sensitive to oxidation with sodium metaperiodate. These experiments suggest that both the cross-reactive and species-specific determinants are expressed on a protein antigen associated with the cell wall of M. leprae.
Comparison of the MCAb by direct immunoblotting showed that cross-reactive and species-specific antigenic determinants were localized on a molecule (Mr = 65,000), previously referred to as a 68,000-dalton protein of M. leprae (6) . These same epitopes were occasionally found on immunoreactive bands that migrated with molecular weights of less than 65,000. The source of these lower-molecularweight bands is unknown. They could be the result of degradation or enzymatic cleavage of the native CWP. These degradative forces could occur during the purification of M. leprae from infected host tissues or as the result of the extraction of the bacilli for analysis by immunoblot. Alternatively, the lower-molecular-weight peptides may be the result of a normal physiological precursor-product relationship inherent to M. Ieprae during protein synthesis. Precursor-product relationships of this type are well documented in other microorganisms (8, 11) . However, results obtained from immunoblots probed with both specific and cross-reactive MCAb were not sufficient to reveal a direct precursor-product relationship between the major immunoreactive protein (Mr = 65,000) and the potentially related lower-molecular-weight cleavage products.
In contrast to direct blots, indirect blots with MCAb IVD8 showed binding to the CWP of M. Ieprae and a single minor band of reactivity at M, = 59,000. Discrepancies between the results obtained with direct and indirect blots of IVD8 suggest that some or all of the lower-molecular-weight bands may be artifacts or differences in the detection efficiency of the two systems. Resolution of these differences between direct and indirect blotting, as well as the source of the lower-molecular-weight immunoreactive peptides, will require further study of the isolated CWP and the peptides involved.
Definition of the number and relatedness of epitopes on the CWP by reciprocal inhibition experiments with nine MCAb indicated that species-specific MCAb IVD8 and IIIE9 were directed at the same or closely associated epitope(s). The other seven MCAb fell into four distinct groups. Taken together, we designated these five groups as distinct epitopes CWPa, CWPb, CWPC, CWPd, and CWPe on the CWP. Comparison with ELISA results reported earlier (6) and dot blot analyses suggested similar groupings. The first group, CWPa, consists of M. leprae-specific MCAb IVD8 and IIIE9, both of which were reactive only with M. leprae by ELISA and dot blot analysis. The second group, CWPb, refers to a cross-reactive epitope defined by MCAb IIH9 and IIIC9. These antibodies were primarily reactive with M. leprae, M. flavescens, M. gastri, and M. gordonae. Group three, CWIP, refers to a cross-reactive epitope defined by MCAb IIC8, IF5, and IIG1. MCAb IIGl and IIC8 showed similar reactivities by ELISA, reacting primarily with M. Ieprae, M. triviale, M. flavescens, M. gastri, M. gordonae, M. marinum, and M. smegmatis. MCAb IF5, although demonstrating positive inhibition in this group, reacted poorly in ELISA tests and therefore could not be compared. Group four, CWPd, consists of the broadly cross-reactive MCAb IVD2, reacting with all species of mycobacteria tested thus far. The fifth group, CWPe, consists of a single MCAb, E423, which was unable to inhibit any of the other MCAb tested. This epitope was not specific for M. Ieprae based on results by ELISA and immunoblots with M. leprae and M. gordonae (unpublished data). MCAb E423 was produced against SDS-PAGE-purified material derived from M. leprae and may define a sequential determinant not normally immunogenic during natural infections or under the immunization protocol used in this study. Similar sequential determinants have been demonstrated in other protein antigens by using MCAb to probe the antigenicity of their subunits (14, 16) .
From this data, we conclude that at least one M. lepraespecific and four cross-reactive epitopes are present on the CWP of M. leprae. In addition, we postulate that most, if not all, mycobacteria express this protein as an integral part of the cell wall complex and that it may be an important immunogen during natural infections with M. leprae or other pathogenic species. Experiments are in progress to isolate the CWP of M. leprae and the homologous protein from cultivable species of mycobacteria to further analyze the immunobiochemical relatedness of this molecule throughout the genus.
Antigenic analysis of M. Ieprae with MCAb is a powerful approach to identification and characterization of protein antigens of the bacilli. We continue to study the proteins of M. leprae with the traditional view that protein antigens are important immunogens in the development of immunity to most intracellular pathogens. Therefore, purification and characterization of proteins from M. Ieprae may provide the necessary reagents with which to study immunological mechanisms associated with protection and various immunopathological phenomena often seen in Hansen's disease.
